The structure of a magnetic-field front propagating non-diffusively in low-resistivity multi-species plasma We report on the first experimental verification of the traveling-wave-like picture of a magnetic-field and an associated electric potential hill propagating non-diffusively in low resistivity plasma. High spatial resolution spectroscopic method, developed here, allowed for obtaining the detailed shape of the propagating magnetic-field front. The measurements demonstrated that the ion separation, previously claimed, results from the reflection of the higher charge-to-mass ratio ions from the propagating potential hill and from climbing the hill by the lower charge-to-mass ratio ions. This ion dynamics is found to be consistent with the observed electron density evolution. Published by AIP Publishing.
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Magnetic field propagation in low-resistivity plasmas and anomalous plasma transport across magnetic fields are key issues in plasma physics and astrophysics. In laboratory plasmas, these are dominant processes in magnetic fusion devices, 1 theta pinches, 2,3 ion diodes, 4 plasma switches, 5 and in plasma-beam transport across magnetic fields. 6 In space and astrophysics, plasma transport across magnetic fields greatly affects the interaction of the solar wind with the earth's magnetic field, 7 the evolution of solar flares, 8 the coronal heating, 9 and the evolution of accretion discs. 10 Understanding the magnetic-field penetration into the plasmas on time-scales much shorter than expected from a classical diffusion is a long-standing problem. Early experimental evidence of such unexpectedly fast magnetic-field penetration into low-resistivity plasma (e.g., Refs. 11 and 12) was a subject of controversy. Later, experimental studies, [13] [14] [15] based on the spectroscopic measurements, have proved the fast field penetration. Spectroscopic measurements 16 indicated that fast magnetic field penetration was induced by the Hall electric field, as suggested by the theory based on electron-magneto-hydrodynamics [17] [18] [19] [20] [21] rather than by anomalous resistivity. Interferometric 22, 23 and spectroscopic 15 measurements have also shown the propagation of an electron density rise followed by a significant drop. Additionally, early simulations [24] [25] [26] and models 27 pointed out to the possibility of a developing potential that could result in ion separation. Indeed, later experiments revealed complex ion dynamics. 28, 29 In particular, ion separation was demonstrated in which light ions are specularly reflected by the magnetic field, while the heavy-ion plasma is penetrated. 28 A detailed picture of the evolution of the magnetic field is essential to determine the wave-like vs. diffusive characteristics of the magnetic field penetration. It is also critical for determining and understanding the width of the current layer and for a coherent description of the ion dynamics.
In previous studies, 14,15 the magnetic field was measured using Zeeman splitting, and the density and ion velocities using line emission intensities and Doppler shifts. Three major difficulties in those measurements prevented the progress. First, the low light-intensities emitted from the low density plasma prohibited a reliable analysis of Zeemandominated line-shape without compromising the spatial and temporal resolutions. Second, the large gradients in the plasma properties that develop along the field propagation direction interrupt the Doppler-shift measurements. Third, the irreproducibility that characterizes transient plasma systems requires simultaneous measurements of several parameters.
This letter presents a self-consistent experimental picture of the magnetic-field propagation through multi-ion, low-resistivity plasma, inferring the detailed shape of the magnetic-field-front penetrating the low charge-to-mass ratio plasma component, non-diffusively, in the form of a traveling wave. In particular, this is the first time that the existence of an electric-potential hill inside the plasma and its form are determined. The shape of the potential demonstrates that the previously discovered ion separation follows naturally and self-consistently the potential and magnetic-field evolution.
We developed a spectroscopic approach for inferring the magnetic field based on simultaneous measurements of the time evolution of the ion-velocity and electron density across the field front. Information on the ion dynamics and propagating magnetic field was obtained with high sensitivity and with sub-mm spatial resolution, which approaches the plasma electron skin-depth (350 lm), the lowest expected current-layer width.
In the configuration studied, schematically described in Fig. 1 , a pulsed current that rises to 130 kA in $350 ns and generates the magnetic field is driven through a multi-ion species plasma (mainly protons and carbon ions) that prefills the volume between two planar, 14-cm wide, electrodes. The a) Author to whom correspondence should be addressed. Electronic mail: ramy.doron@weizmann.ac.il plasma source, located above the anode, generates a density gradient across the anode-cathode (A-K) gap that supports Hall-field induced penetration. The initial electron density and temperature, prior to the current application are, respectively, n e ¼ 2 Â 10 14 cm À3 and T e ¼ 6:5 eV. Radiation emitted from the plasma is imaged on a 1-m spectrometer input slit. The spectrometer output is conveyed to an array of fast (rise-time 3 ns and exponential fall-time of 6 ns) photomultipliers (PMTs). A detailed description of the experimental set-up and the current pulse can be found in Refs. 15 and 30. A laser blow-off technique 31 was employed for controlled dopant injection (along x) into the y-center of the A-K gap. We achieved nearly uniform, low-density (peak ion densities <1:5 Â 10 13 cm À3 ), non-perturbative dopant columns of widths between 2 and 5 mm (FWHM).
In our low-beta plasma, the electric force that accelerates the unmagnetized ions equals the magnetic force on the whole plasma, which is proportional to the magnetic field gradient. Thus, the ion velocity evolution can serve as a probe for the shape of the magnetic field. As described below, this approach also enables us to achieve spatial resolution that is better than the width of the dopant column. In the present experiment, boron is used as a dopant, mainly utilizing the B II 2s À 2p emission (3451 Å ). Despite the small width of the dopant column, it was found to accommodate density and temperature gradients generated by the propagating magnetic-field, which caused complex spectral line-shapes, prohibiting a reliable measurement of the B II velocity via a naive attempt to determine the mean Doppler-shift. Instead, we tracked the intensity evolution of discrete components of the line shape; each component is Doppler-shifted corresponding to a different ion velocity. The intensity evolution of such four different monochromatic components of the time-dependent B II 2s À 2p line shape is presented in Fig.  2(a) . Each of the Doppler-shifted intensity rises and then drops in time. The times of the beginning of the intensity rises are when the ions at the upstream side of the dopant column acquire their corresponding velocities. It will be shown that these times are the arrival times of corresponding magnetic-field magnitudes.
The time-dependent Doppler-shift intensities were normalized and time-shifted, so that their peaks coincide, as shown in Fig. 2(b) . It is seen that all of the normalized intensity evolutions nearly overlap. Therefore, we define a dopant ion-velocity field that can be described in terms of a traveling wave: v i ðz; tÞ ¼ v i ðz À v b tÞ, where v i is the dopant ion velocity. The wave velocity v b was determined using the dopant-ion density distribution, based on the images taken prior to the magnetic field application. Since the light intensity distribution in the image is proportional to the dopantion density, we can simulate the expected time-evolution of the Doppler-shifted emissions by dividing the density distribution spatial scale by the wave velocity and convolve the result with the PMT response function. In the measurement presented in Fig. 2 , the dopant column FWHM was 4.3 mm, yielding v b ¼ 3 Â 10 7 cm=s, required to obtain the agreement between the normalized Doppler-shifted intensity evolutions and the expected emission evolution seen in 2(b). Deviations from the expected emission, mainly seen at late times and for the large Doppler shifts, are due to a lower signal-to-noise ratio and emission from impurities. The latter is verified in experiments performed with no doping. The measurement integration along the x direction was 250 lm. Measurements performed in different discharges yielded similar results to $15 %. Thus, in light of the irreproducible nature of such pulsed-power systems it is reasonable to assume that the velocity changes rather slowly around the point of observation.
The evolution of the dopant-ion velocities as a traveling wave implies that the accelerating force on the ions also evolves as a wave. The ions are unmagnetized and collisionless, and therefore, it is an electric field that propagates in the plasma as a traveling wave. In the wave reference-frame, 
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where m i and Z i denote the dopant ion mass and charge state, v i is the dopant ion velocity in the laboratory frame, and e is the elementary charge. We note that the energy conservation assumption is justified since the transit time of the wave through the dopant is $30 ns that is significantly shorter compared to the system evolution time of $350 ns. We now determine the B II velocity evolution v i ðtÞ and use it to calculate the evolution of the electric potential. We define the point of observation to be the dopant-plume center. The time at which the B II at the plume center acquires a specific velocity is the time of the Doppler-shifted peak emission associated with this velocity. The peak times are determined by fitting each of the intensity evolutions by a Gaussian that was found to give an appropriate description of the phenomenon. Since these times are determined with an uncertainty Շ3 ns (excluding the highest two velocities where the signal-to-noise ratios are higher), the corresponding spatial resolution, due to the wave velocity v b , is less than 1 mm. Ten values of the potential at different times are calculated (Eq. (1)) for ten measured B II-velocities, from 0:5 Â 10 6 to 9:5 Â 10 6 cm=s, at the plume center. Figure 3 shows the evolution of the electric potential. Because of the traveling wave nature of the potential, its time evolution also represents its z-spatial profile. The non-monotonic feature seen in Fig. 3 (at $185 ns) is discussed below.
Once the presence of a potential hill is established, the measured B II velocity can be used to calculate the dynamics of all other ion species. Furthermore, knowing the plasma composition, we can also derive the electron density evolution. In the wave reference frame, all plasma ions climb the potential hill. The jth ion-species velocity distribution function in the moving frame, prior to the arrival of the potential hill, is written as,f j ðv x ; v y ; v z Þ ¼ gðv x Þhðv y Þf j ðv z Þ, where we choose g and h so that Ð 1 À1 dv x gðv x Þ ¼ Ð 1 À1 dv y hðv y Þ ¼ 1. Since the plasma ions are not magnetized and the electric field is assumed to be directed along the z axis, g and h do not vary along the ion trajectory and the density evolution of the ions follows the evolution of f j . In the potential hill rest frame, all ions move towards it with an average velocity Àv b . We describe the initial ion z-velocity-distribution, due to the ion emission from the plasma source, 30 in the moving potential frame as
where H is the Heaviside function. Here, n j0 is the density of the jth ion-species before the arrival of the potential hill. The spread of the prefilled plasma velocity in the z direction was measured to be Dv z $ 10 6 cm=s. 30 Including the initial ion velocities in the model contributes to the smearing out of the otherwise sharp density peaks at the points where ions are reflected off the propagating field front. While each ion species has somewhat different initial velocity distribution, these velocities are less than 0:1Â the magnetic-field propagation velocity. Therefore, considering a different velocity distribution for each species would have a negligible effect on the simulation results (which are further convolved with the detection system temporal response). The ion velocity distribution function is a function of the ion constants of motion and satisfies
Integrating the velocity distribution function, we obtain expressions for the jth ion density. In our experiment, each ion species experiences either full transmission or full reflection. The density distribution of the jth ion-species is then
where for full transmission k ¼ l ¼ 1, while for full reflection k ¼ 0 and l ¼ 1. The details of the calculation are given elsewhere. 32 The ion densities (protons and C II-V) prior to the current pulse application are adopted from previous studies.
30 Figure 4 shows the density profiles of the different species as a function of time. The peaks seen in the figure are the points of reflection of the various species. The protons are the first to be reflected. Then, C V and C IV are reflected, whereas C II and C III climb the entire potential. The predicted electron density is obtained by summing the calculated ion-species densities multiplied by their respective charge and convolved with the spectroscopic system response time. This simulated electron density is compared with an independent electron density measurement, based on . A detailed description of the density measurement is given elsewhere. 32 The good agreement seen in the figure strongly supports the existence of an electric potential hill.
We now calculate the magnetic field profile. The plasma is highly conductive, so the accelerating electric field can be approximated as E z ¼ ÀðB=el 0 n e Þð@B=@zÞ (e.g., Ref. 19) , where l 0 is the vacuum permeability. The magnetic field is then given by
which can be expressed by quadratures, for the density written as a sum of terms of the form in Eq. (4). From Eq. (5), it follows that the transmission of ions across the potential hill is their penetration by the magnetic field, whereas the reflection from a certain potential height is a reflection from the corresponding magnetic-field amplitude. Figure 5 shows the calculated evolution of the magnetic field in time (and, equivalently, in space). The non-monotonic evolution of the potential results in a spike (t ¼ 185 ns) in the magnetic field profile. Even though this phenomenon is observed in the majority of the experiments, we cannot determine if it has implication on the nature of the magnetic-field penetration, since the jump is within the experimental uncertainty and it may also arise from a 2D or 3D effect. The measured magnetic field of 6:9615 % kG at t ¼ 200 ns, determined by the present method, is in agreement with the calculated field of 6:5610 % kG, based on the measured current and geometry, as well as with the Zeeman splitting observation, reliably obtained at this time and z location. 15 At later times, the present diagnostic becomes impractical due to the low signal-to-noise ratio.
The width of the inferred magnetic-field front of $15 mm is nearly twice narrower than the previous lower-resolution estimates. 15 Yet, it is more than an order of magnitude wider than expected from the ideal models of specular reflection, 33 on the one hand, and the Hall-induced magnetic penetration, 16, 17, 19, 20 on the other hand. The non-diffusive evolution of the magnetic field as a wave indicates a significant role for the Hall-induced mechanism in the penetration into the low charge-to-mass ratio plasma component. Assuming the presence of multi-species ions does not change the relation between the field-front width and the resistivity, the inferred width corresponds to a resistivity of , the large number of collisions, N ¼ 200, allows the electrons to cross field lines in the current layer. It is emphasized that this resistivity estimate may not be valid, and a front-width prediction based on the observed complex physics requires a modified theory that will consider the role of the various ion species and their dynamics, as demonstrated for two ion-species in recent simulations 35, 36 and in previous formulations. 37, 38 In addition, energetic electrons emitted from the cathode may also affect the front width. 25, 39, 40 The velocity of the propagating wave is comparable to both the hydrodynamic (Alfv en) velocity ($5 Â 10 7 cm=s) and the Hall-induced penetration velocity. 16 This is consistent with plasma pushing and field penetration, both observed simultaneously in our experiment. Whether the velocity is close to Alfv en velocity or governed by a Hall-induced penetration, 17 it is likely to be proportional to B 0 , where B 0 is the magnetic field intensity at the generator side. When B 0 rises in time, as in our experiment, the velocity of propagation of the magnetic field is also expected to rise in time. 20 However, the magnetic field at the generator side only increases by $20 % during the transit time of the current layer across the plume, and therefore, for this period of time the velocity should be constant to a good approximation, as was shown through the analysis of our measurements. In summary, a newly developed experimental spectroscopic approach enabled us to show that the magnetic field propagating through low-resistivity plasma penetrates the low charge-to-mass ratio component non-diffusively as a wave. The shape of the propagating field front is inferred with a   FIG. 4 . The simulated density evolution of the various ion-species at the dopant-plume center and the resulting electron density evolution (convolved with the temporal response of the spectroscopic system), compared with an independent measurement of the electron density. The corresponding zdistribution (t ¼ 160 ns) is shown in the top horizontal axis.
FIG. 5. The magnetic-field time evolution (and the deduced z dependence at t ¼ 160 ns), at the dopant-plume center, determined using Eq. (5).
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 132.76.61.52 On: Sun, 01 May resolution comparable to the electron skin depth. The velocity of penetration is found to be much higher than expected from diffusion but not high enough to allow for field penetration into the entire multi-component plasma. This results in separation between penetrated low charge-to-mass ratio ion plasma and reflected high charge-to-mass ratio ion plasma. The resulting ion dynamics is shown to be consistent with the observed electron density. The inferred width of the narrow current layer (the magnetic-field front) can be useful for comparison with simulations that include the dynamics of multi-species plasma. Further research is also required to unfold the, likely present, small scale magnetic-field structures inside the current channel.
